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Peculiar evolutionary properties of the subunit 8 of mitochondrial ATP synthase (ATPase8)
are revealed by comparative analyses carried out between both closely and distantly related
species of echinoderms. The analysis of nucleotide substitution in the three echinoids demon-
strated a relaxation of amino acid functional constraints. The deduced protein sequences display
a well conserved domain at the N-terminus, while the central part is very variable. At the C-
terminus, the broad distribution of positively charged amino acids, which is typical of other
organisms, is not conserved in the two different echinoderm classes of the sea urchins and of
the sea stars. Instead, a motif of three amino acids, so far not described elsewhere, is conserved
in sea urchins and is found to be very similar to the motif present in the sea stars. Our results
indicate that the N-terminal region seems to follow the same evolutionary pattern in different
organisms, while the maintenance of the C-terminal part in a phylum-specific manner may
reflect the co-evolution of mitochondrial and nuclear genes.
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INTRODUCTION

The animal mitochondrial DNA (mtDNA) con-
sists of a very compact circular DNA molecule con-
taining the genes for a complete set of tRNAs, for
two ribosomal RNAs, and for 13 proteins with few
exceptions. In spite of this high conservation of gene
content, the gene order differs from phylum to phylum,
but is relatively constant within the same phylum,
where only few transpositions are tolerated. In the
phylum echinoderms, only a 4.6-kb fragment transpo-
sition differentiates the mt genome of the two classes of
Asteroid (sea star) and Echinoid (sea urchin) although
their separation can be traced back about 560 million
years (Smith, 1984). The complete sequence of the
mtDNA of the sea urchin Arbacia lixula, order of
Stirodonta, has been recently obtained (De Giorgi et
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al., 1996), thus allowing the comparison of this
genome with those of other sea urchin species, Para-
centrotus lividus and Strongylocentrotus purpuratus
belonging to the order of Camarodonta, (Jacobs et
al., 1988; Cantatore et al., 1989). Molecular evolution
studies on the three genomes carried out with the meth-
ods developed in our laboratory have indicated that the
divergence time between the two orders, Camarodonta
and Stirodonta, is between 65 and 155 million years
(De Giorgi et al., 1995).

The comparison of the three genomes has
revealed the high conservation of gene sequence and
organization in the sea urchin lineages. Therefore,
uniike other invertebrate mt genomes (such as those of
insects and nematodes) where differences are detected
also within closely related species (Crozier and Cro-
zier, 1993; Okimoto et al, 1992), mtDNA is highly
conserved in echinoids.

In particular, the organization of genes reveals
that the tRNA gene cluster, which includes 15 tRNAs
and the control region, is located in identical position
in the three genomes and is characterized by very
relevant compactness. Furthermore the same A-T rich
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palindromic sequences, whose significance is still
unknown, are located in corresponding regions in the
three genomes (De Giorgi et al., 1995). The compari-
son between the protein coding genes, with the excep-
tion of ATPase8, has revealed that the similarity of the
three genomes ranges from 60 to 80% at the nucleotide
level, and it increases up to 69-92% at the amino acid
level. This observation is taken as an indication of the
existence of physiological constraints operating at the
amino acid level. The control region itself, which is
known to be the least conserved region in the mtDNAs
sequenced so far, shows a considerable overall degree
of conservation, with similarity ranging from 63.6 to
69.7% between the three sea urchin species.

In this peculiar scenario, the gene for subunit 8
of ATP synthase (ATPase8) shows the most anomalous
behavior as both nucleotide and amino acid compari-
sons give the lowest percentage of similarity. In order
to acquire some information on the structure—function
relationships and in view of the peculiarity of the sea
urchin system, we decided to analyze the ATPase8
gene sequences in these organisms.

ATPase8 is a component of the membrane-inte-
grated F, sector of the animal mitocchondrial ATP
synthase. This enzyme catalyzes the synthesis of ATP
during oxidative phosphorylation in a reaction which
is driven by an electrochemical gradient generated by
the respiratory chain complexes (reviewed by Senior,
1988). The mitochondrial F, sector, where the proton
channel is constituted, has a similar integral membrane
subunit composition in different systems. In yeast,
detailed analysis of mutants has elucidated the pres-
ence of the three mitochondrially encoded subunits 9,
8, and 6 (Law et al., 1990). On the other hand, it is
known that in mammalian systems the subunit 9 is
encoded in the nuclear genome while the subunit A6L,
the animal equivalent of subunit 8, and the subunit 6
are coded by the mitochondrial DNA (Fearnley and
Walker, 1986). Although no direct data are available
on the composition of the sea urchin F, sector of mito-
chondrial ATP synthase, it is conceivable to believe
that also in these organisms the F, sector components
are equivalent to those of other animal mitochon-
drial systems.

In this paper we report detailed comparative stud-
ies on the ATP synthase subunit 8 between both closely
and distantly related species of echinoderms. The
results demonstrate that this gene evolves extremely
fast and in a phylum-specific manner.
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EXPERIMENTAL PROCEDURE

The entire sequence of the Arbacia lixula mtDNA
(15719 nt) was obtained in our laboratory (De Giorgi
et al., 1996), and submitted to the EMBL data library
under accession number X80396. The sequences of
Strongylocentrotus purpuratus and Paracentrotus liv-
idus with accession number X 12631 and Y04815 were
extracted from database by using the GCG package
(Devereux et al., 1984). The other sequences were
extracted by using the ACNUC retrieval system (Gouy
et al., 1985).

The nucleotide substitution rate was calculated
by using the Stationary Markov Model (SMM) method
(Saccone et al., 1990). The necessity to use a stochastic
model, like the SMM, to do such calculations comes
from the possible occurrence of multiple substitutions
at the same site as well as reversions. Thus the observed
divergence (nucleotide substitutions/site) between two
sequences is an underestimate of the actual divergence
that can be estimated by using a suitable stochastic
model. SMM is one of the most reliable models so
far available to calculate the nucleotide divergence
between two homologous sequences (Rzhetsky and
Nei, 1995).

Multiple alignment was carried out by using the
program PILEUP and manually adjusted with LINEUP
(GCG package).

The hydropathic profile has been calculated by
using the program PEPTIDESTRUCTURE (GCG package)
according to the method of Kyte and Doolittle (1982).

The prediction of helical transmembrane regions
has been carried out by using the program PHDhtm
(Rost et al., 1994). PHDhtm implements a neural net-
work algorithm which is able to learn from a collection
of proteins with known transmembrane segments how
to single out such segments in other proteins.

RESULTS

By comparison with the other known vertebrate
genes so far sequenced, ATPase8 appears to be the
least conserved genes in the different mitochondrial
systems. However, evidence obtained both in animals
(Pedersen and Carafoli, 1987; Walker et al., 1987),
but mainly in yeast (Nagley, 1988; Papakonstantinou
et al., 1995), have demonstrated that this subunit plays
an essential role in the energy transduction by mito-
chondrial ATP synthase.
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Table 1. Similarity of ATPase Subunit 8 within the Sea
Urchin Genes*

A. lixula P. lividus S. purpuratus
A. lixula — 61.2 49.7
P. lividus 49.0 — 60.0
S. purpuratus 382 44.6 —

¢ The results are indicated in percentage of similarity. Above the
dash are reported the values at the nucleotide level; below the
dash, those obtained at the amino acid level.

The similarity of the ATPase8 gene within the
sea urchins is very low, both at the nucleotide and the
amino acid level. The results reported in Table I clearly
indicate that the similarity at the amino acid level is
even lower than that at the nucleotide level. Further-
more, the observation that the amino acid similarity
between A. lixula and P. lividus is higher than between
the two Camarodonta species is also unexpected.

The muitialignment of ATPase8 gene in the three
species is reported in Fig 1. Identity regions, boxed in
the figure, can be detected only at the extremities of
the gene. In the central part encompassing roughly
the sequence from nucleotide 67 to nucleotide 147,
instead, the three sequences diverge, and nucleotide
substitutions occur not only between Camarodonta and
Stirodonta, but also within the two Camarodonta
species.

This unexpected feature prompted us to investi-
gate the dynamics of base substitution with the Station-
ary Markov Model method (Saccone et al., 1990). It
is well known that the substitution rate at the third
silent codon positions is higher than at the first and
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second codon positions because the latter are con-
strained by the coding requirements. The sea urchin
ATPase8 gene, analyzed in a pairwise comparison with
the SMM method, has revealed, instead, that the nucle-
otide substitution rate of nonsynonymous sites (first
+ second codon positions) is not significantly lower
than that of synonymous sites (data not shown),
although the large statistical fluctuation due to the
small size of the gene does not allow the calculation
of precise nucleotide substitution rates. These data
clearly indicate a relaxation of functional constraints
at the amino acid level. However, when the deduced
amino acid sequences were analyzed with a computer-
aided method the predicted hydrophatic profiles for
the three corresponding proteins are completely super-
imposable (Fig. 2), thus suggesting that in spite of the
divergence observed in the primary structure of the
genes in the three species, the role played may be
the same.

In Fig. 3A, the multialignment of the deduced
amino acid sequences of the sea urchin genes is shown.
In order to detect the similarities within the phylum
echinoderms, the sequences of two sea star genes
(Asterina pectinifera and Pisaster ochraceus) have
also been included. In Fig. 3B, the multialignment of
these proteins from different mammalian species is
reported. Sea urchin and sea star sequences share acom-
mon four-residue sequence motif, (V/M)PQL(X )W, at
their N-termini, but little if any direct sequence similar-
ity can be detected elsewhere in the proteins. The
N-termini of the mammalian sequences (Fig. 3B)
also show the same conserved sequence motif
MPQL(X,)W, and in this case several other blocks of
conserved amino acids can be found, while the variable

A Ixuia GTGCCIICAACTAGAATT TTACATGATGARTAAT TAAMATTITITTITATTIGITT TG 50
P vidus GTGCCACAACTAGA[TTTTACTTGATG[GIATAAT TAAYT T TTITTATTIATTITG 50
Spupuratus |G TG CCACAACTAGAATTTGlcTTGeATGAATCGlTalaalclrrrrfcccrfclaTTT 50
A Imuia AACTGCAGIAT alc T 1(T)a T(TiGc A G c[T alrfclc c Afc]rfa)r[claf@ 100
P"Wdusl AACTG CAATC ACTC G A [GI]T T AACA]A G A Glcjcc 100
S purpuralus AscrrcclﬁA 6[Tlc a rcc rirfaclyfalr rfalaalTlajelcfT T clejr[@a 100
A hxgla cAlccrTaAlcaAACT AT CCAfAlGCAG---C[TITG[ATATAAMTIAAGAGCICACGTG 147
P iviaus aAarianac ?aclal@lclaclajc[TcT]- - - CAATA@AAAAGAATEGA 147
S purpuratus claje colcjeGGolrclalatcclrcrfrcrTCcc AClTTlraAaAArAAGAC claac]r 150
A Iula AIC/ATGACAATGAlTCTTARA 165
P Imidus AAATGACAATGACTATAARA 165
Spurpuratus A A[TIT GACAATGACTATAR 168

Fig. 1. Multialignment of ATPase8 genes from the sea urchin Arbacia lixula, Paracentrotus lividus, and Strongylocentrotus purpuratus.

Identical nucleotides have been boxed and dots representing gaps have been introduced to optimize the alignment.
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Fig. 2. Hydrophatic profiles of the deduced protein sequences of sea urchin ATPase8 genes plotted by using the program
PEPTIDESTRUCTURE (Devereux et al., 1984).

part of the protein encompasses less than 20 out of Recent advances in the neural network
about 68 amino acid residues. approaches has allowed the developing of computer

The results obtained with sea urchin, sea star, and methods which predict helical trans-membrane regions
mammals, along with the results obtained in yeast by with more than 95% accuracy (Rost et al., 1994). By
others (Nagley, 1988), have led us to the conclusion using such analysis, the presumed trans-membrane hel-
that the sequence motif (V/M)PQL(X,)(W/F) is evolu- ices have been revealed in the internal left part of the
tionarily conserved from yeast to mammals at the N- echinoderm sequences (Fig. 3A). This portion is the
termini of the proteins. only segment containing partially conserved amino
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Fig. 3. Multialignment of ATPase8 deduced protein sequences of echinoderms (A) and of mammals (B). The segments included in the area
defined by dark dots correspond to the presumed trans-membrane helical regions (Rost et al., 1994). (A) Echinoderm genes: pli: P. lividus;
spu: S. purpuratus; ali: A. lixula; ape: Asterina pectinifera; poc: Pisaster ochraceus. (B) Mammalian genes: ppa: Pan paniscus; ptr: Pan
troglodytes; hsa: Homo sapiens; ggo: Gorilla gorilla; hsy: Hylobates syndactylus; ppy: Pongo pygmaeus; mmu: Mus musculus; mdo: Mus
domesticus; mo: Rattus norvegicus; mpe: Microtus pennsylvanicus; hgr: Halicoerus grypus; pvi: Phoca vitulina; fca: Felis catus; eca:
Equus caballus; bph: Balaenoptera physalus; bmu: Balaenoptera musculus; bta: Bos taurus; chi: Capra hircus; cpo: Cavia porcellus; ocu:
Oryctolagus cuniculus; eew: Erinaceus europens; dvi: Didelphis virginiana.
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acid residues within the variable domain in the echino-
derm system. Similarly, the presumed trans-membrane
helices have been localized in the internal left region
of the mammalian ATPase8 sequences. The regions
which follow the putative trans-membrane domain in
mammalian proteins are characterized by the presence
of several lysine residues which tend to concentrate
toward the C-terminus of the sequence (Fig. 3B). A
cluster of positively charged amino acids at the C-
terminus of the sequence is a peculiarity described
also in yeast (Nagley, 1988). A broad distribution of
positively charged amino acid is present also in other
mitochondrial systems. In particular, a database search
suggests that the bias to accumulate more than one
single lysine residue toward the C-terminus is a pecu-
liarity shared by many different organisms. (Table II).

In the case of echinoderms, instead, only the sea
urchin species display at the C-terminus a lysine resi-
due at position 47. This lysine residue has been sug-
gested to have some functional role in the yeast protein
(Papakonstantinou et al., 1995). At the C-termini of
the echinoderm system a peculiar conservation of
amino acids has been detected: the motif tryptophan,
glutamine, tryptophan, WQW, is conserved in the sea
urchin ATPase8 genes, and a very similar motif, W(T/
L)W, is conserved also in sea star.

The demonstration that in yeast the F; sector is
assembled in vivo through the sequential incorporation
of subunits 9,8, and 6 (Hadikusumo et al., 1988) has
prompted us to analyze the properties of echinoderm

Table II. Occurrence of Lysine Residues in ATPase8 Proteins
from Different Organisms

Number of Database® and
Organisms lysine residues accession number

Aves:

Gallus domesticus 3 SW P14093
Amphibia:

Xenopus laevis 4 SW PO3931
Arthropoda:

Apis mellifera 7 SW Q00276

Drosophila melanogaster 3 SW P03432

Anopheles gambiae 4 SW P34836
Fishes:

Cronostoma lacustre 3 SW P34190

Cyprynus carpio 3 SW P24948
Crustacea:

Artemia franciscana 2 EM X69067
Mollusca:

Katharina tunicata 3 PIR S50329

¢ SW: Swissport; EM: EMBL; PIR: PIR databases.
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ATP synthase subunit 6 genes. The comparison of the
sequence of the subunits 6 within the sea urchin species
revealed above 80% identity at the amino acid level
while a relevant divergence was observed in the com-
parison with higher eukaryotes. In particular, the per-
cent identity between echinoderms and humans is on
the average 36.8%. On the contrary, a slight difference
has been found comparing sea urchins in respect to
the corresponding sequences of the sea stars (66.4%
identity). Furthermore, as reported in Fig 4, it appears
that the echinoderm subunit 6 proteins show the maxi-
mum conservation of sequence toward the C-terminus.
These observations strongly indicate that also the sub-
unit 6 has evolved in a phylum-specific manner.

DISCUSSION

Recently, great effort has been directed towards
an understanding of the mechanism whereby separated
components assemble into the multi-subunit enzyme
complex of mitchondrial ATP synthase (Papakonstan-
tinou et al., 1995). Evolutionary studies usually play an
important role in these investigations. Detailed studies
carried out on mutants of Saccaromyces cerevisiae
indicated that the C-terminal positively charged region
of subunit 8 is required for efficient assembly; yeast
mutants containing only truncated subunit 8 proteins
are defective in the assembly of the F, sector (Grasso
et al,, 1991). Therefore, the observation of a broad
distribution of positively charged amino acids at the
C-terminus of the proteins in many different systems
seems to suggest their importance in the assembly of
the complex.

The results reported here, instead, clearly indicate
the lack of a cluster of positively charged amino acid
in the ATPase8 of echinoderms. Furthermore, while
few positively charged amino acids are present in these
peptides in scattered positions, a lysine residue is con-
served in the same position only in sea urchins.

In the mammalian sequences the C-terminus
shows a certain degree of variability, with only some
amino acids highly conserved. In the case of echino-
derms, the conserved amino acids are different in
respect to the mammalian counterpart, and a short
motif (WQW) seems to be typical. This motif is
slightly different also between sea urchin and sea star.
Assuming that also in these systems, as in that of yeast,
the C-terminus of ATPase8 is involved in the assembly
with other components of the F, sector of ATP syn-
thase, we can conclude that these specific amino acid
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Fig. 4. Multialignment o

chinoderm ATPase6 deduced protein sequences. ali: A. lixula; pli: P. lividus; spu: S. purpuratus; ape:

A. pectinifera; poc: P. ochraceus. Identical residues are boxed.

motifs found in echinoderms should play an important
role in the interaction with other subunits.

In yeast it has been clearly shown that the mito-
chondrially coded subunit 9 is the key subunit in the
assembly or the stabilization of the F, sector. In the
case of echinoderms, it seems that the subunit 6 and
subunit 8 have co-evolved to facilitate assembly and
that signals specific for different taxonomic groups are
used in this assembly process.

No data are available regarding the sequences of
the nuclear-coded subunit 9 as well as for other
nuclear-coded subunits. Therefore, only when this
information is available will a complete picture on the
mitochondrial-nuclear co-evolution be drawn.

As far as the localization of ATPase8 is con-
cerned, it was commonly accepted that this protein
spans the inner mitochondrial membrane once, and is
oriented in such way that its N-terminus lies toward
the inner-membrane space and its positively charged
C-terminus faces the matrix (Velours and Guerin,
1986). This model has been recently disputed and a
new hypothesis has been put forward which accommo-
dates the subunit 8 in a hydrophobic niche in contact

with other protein subunits of the complex (Papakons-
tantinou et al., 1995).

Data presented in this paper cannot discriminate
between the two possibilities. The observation that the
putative transmembrane region has almost an identical
size in echinoderms and in mammals, in spite of the
different overall length of the proteins, may only indi-
cate that this region is under the same topological
constraints.

In conclusion, our results show that during evolu-
tion the N-terminus of ATPase8 is conserved in differ-
ent organisms, where the central part of the molecule
undergoes variations but conserves a putative trans-
membrane segment with a global hydrophobic charac-
ter, while the C-terminus evolves in a lineage-
specific manner.

As for the lineage-specific evolution, it is interest-
ing to recall that, as we have stressed in the Introduc-
tion, some features like the gene arrangement remain
phylum-specific also in a time span (about 500-600
My) during which the vertebrate~invertebrate split
occurred with the generation of a wide variety of mt
gene organizations. In addition, it is striking to note
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that the amino-acid identity between sea urchin and
sea star ATPase6 peptides is much higher (about 67%)
than that observed comparing echinoderms and mam-
mals (about 37%) despite, the fact that the time of
divergence between sea urchin and sea star (560 My)
is comparable with the time of divergence between
vertebrates and invertebrates (600 My). This strongly
suggest a phylum-specific evolution of the peptides of
the ATPase complex which may be misleading for the
interphyla comparisons.

These data indicate that at the molecular level
there are lineage-specific constraints which should
generate detectable “signature” to be used in molecu-
lar taxonomy.
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